Global change during the late Pliocene was manifested in declining temperatures, increased amplitude of climate cycles, and shifts in the periodicity of orbital climate forcing. Linking these changes to the evolution of African continental faunas and to hominin evolution requires well-documented fossil evidence that can be examined through substantial periods of time. The Omo sequence of southern Ethiopia provides such a database, and we use it to analyze change in the abundances of mammal taxa at different levels of temporal and taxonomic resolution between 4 and 2 Ma. This study provides new evidence for shifts through time in the ecological dominance of suids, cercopithecids, and bovids, and for a trend from more forested to more open woodland habitats. Superimposed on these long-term trends are two episodes of faunal change, one involving a marked shift in the abundances of different taxa at about 2·8 0·1 Ma, and the second the transition at 2·5 Ma from a 200-ka interval of faunal stability to marked variability over intervals of about 100 ka. The first appearance of Homo, the earliest artefacts, and the extinction of non-robust Australopithecus in the Omo sequence coincide in time with the beginning of this period of high variability. We conclude that climate change caused significant shifts in vegetation in the Omo paleo-ecosystem and is a plausible explanation for the gradual ecological change from forest to open woodland between 3·4 and 2·0 Ma, the faunal shift at 2·8 0·1 Ma, and the change in the tempo of faunal variability of 2·5 Ma. Climate forcing in the late Pliocene is more clearly indicated by population shifts within the Omo mammal community than by marked turnover at the species level.
Introduction
Some of the most important events in early human evolution, including major taxonomic diversification and the advent of stone tool manufacture, occurred in the late Pliocene of Africa. Various hypotheses have linked these events, as well as a turnover pulse of speciation in mammals, to globalscale climatic and environmental shifts (Vrba, 1985 (Vrba, , 1988 (Vrba, , 1995 (Vrba, , 2000 Stanley, 1992; deMenocal, 1995) . However, many key aspects of African faunal evolution and its relationship to climatic change remain unknown or poorly understood. The climatic record derives primarily from marine sediments and provides a relatively continuous signal of ocean temperatures, continental aridity in Saharan Africa, and high-latitude ice accumulation (Shackleton et al., 1984; deMenocal & Bloemendal, 1995; Kennett, 1995; Shackleton, 1995; Denton, 1999; Zachos et al., 2001) . The terrestrial record provides a more discontinuous and taphonomically altered signal that has been difficult to interpret with respect to the marine climate record.
The central issue we address in this study is the role of climate change in late Pliocene African faunal evolution. For the purposes of this paper, faunal evolution refers to changes in attributes of whole faunas or communities, including population abundances of species as well as species richness, and numbers of originations and extinctions through specified intervals of geological time. Vrba (1988 Vrba ( , 1995 Vrba ( , 2000 addressed the problem of climate change and faunal evolution through the study of patterns of species turnover at a temporal resolution of 1·0 to 0·5 Ma, and proposed that climate forcing drives major pulses of speciation and extinction in African mammals. However, taxonomic, taphonomic, and other sampling problems that affect the fossil record limit temporal resolution and region-to-region taxonomic and taphonomic equivalence, making the climate-forcing hypothesis difficult to test using species turnover patterns alone (Behrensmeyer et al., 1997; Feibel, 1999) . Here we report the results of tightly constrained analyses of changes in faunal abundances at different levels of temporal resolution and relate the resulting patterns to the record of climate change. We use the well dated, carefully collected, and abundant fossil record of the Omo sequence of southern Ethiopia, including the Shungura, Usno, and Mursi Formations (Figure 1 ). The fossil record from these stratigraphic sequences can be controlled for taphonomic, taxonomic and collection biases, and thus provides a unique database for examining patterns of faunal evolution using changes in species abundance. The patterns we investigate are (1) broad shifts in abundance among the most common families of late Pliocene mammals; (2) trends through time in ecological-indicator taxa belonging to the Bovidae, Suidae, and Cercopithecidae, and (3) changes in taxonomicabundance patterns on a fine scale of chronostratigraphic resolution (<10 4 years in some intervals). We use these different lines of evidence to test the hypothesis that climatic change is the primary force driving changes in faunal abundances in the late Pliocene of East Africa between 4 and 2 Ma.
Background
Tests of hypotheses linking climatic change to faunal evolution over long time intervals require a well-dated and abundant fossil record with contextual information to distinguish the effects of large-scale climatic change from local tectonic and taphonomic signals. The paleontological record derived from the Omo sequence is among the richest in Africa. Under the direction of F. C. Howell, the American contingent of the International Omo Research Expedition collected about 23,000 specimens of fossil vertebrates during the 1960s and early 1970s, while the French contingent under the direction of Y. Coppens amassed a comparable number of specimens (Howell, 1968 (Howell, , 1978 . The Omo Group deposits constitute one of the best-dated long sequences in the Pliocene and Pleistocene of Africa (Brown et al., 1985; McDougall, 1985 ; Feibel et al., 1989; Brown, 1994 Brown, , 1995 , and the thorough geological documentation of the Omo deposits provides a firm contextual background for the study of fossil mammals (de Heinzelin et al., 1976; de Heinzelin, 1983; Howell et al., 1987; Feibel et al., 1991) .
The depositional environments of the lower Omo sequence have been well studied (Butzer, 1976; de Heinzelin et al., 1976; de Heinzelin, 1983; Howell et al., 1987) . The earlier part of the sequence, represented by the Mursi Formation, is described as primarily fluvio-deltaic (Butzer, 1976) . A large meandering river dominated the lower Omo basin and its deposits for most of the late Pliocene, with a few relatively brief episodes of braided river deposition (in Shungura Units F-1 and G-3 to G-5), and a major lacustrine transgression in upper Member G (Shungura Units G-14 to G-27) beginning at about 2·1 Ma (Figure 1 ). The lacustrine episode in the Omo from about 2·1 to 1·9 Ma is thought to be a result of tectonic uplift in the southern part of the Turkana
Basin (Brown, 1995) . Most of the specimens collected from Shungura Members A to lower G (3·6 to 2·1 Ma interval) and correlative deposits in the Usno Formation came from fluvial channel sands, whereas those from upper Member G (2·1 to 1·9 Ma) derived from fine-grained lacustrine sediments (de Heinzelin et al., 1976; de Heinzelin, 1983; Howell et al., 1987) . Fossil specimens in Members H to L of the Shungura Formation are significantly less abundant than in the earlier part of the sequence, and are considered here only briefly. 
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Faunal assemblages derived from fluvial channel sands often are dominated by isolated teeth. Teeth are reworked and concentrated in the coarser lag deposits of channels (Behrensmeyer, 1988) , and typically constitute the most resistant, residual vertebrate remains in fluvial deposits. Teeth are a dominant component of the fossil record in fluvial channel sands through the Omo strata. Thus, these provide a means of testing variability in the taphonomic signal from one stratigraphic level to the next as a way of establishing the degree of isotaphonomy (Behrensmeyer & Hook, 1992) of the fossil bone samples through the Omo sequence. Comparison through time of fossil assemblages with similar taphonomic biases (i.e., in this case, assemblages that are isotaphonomic with respect to body part preservation) should increase the probability that observed similarities and differences reflect original ecological or evolutionary factors rather than disparate taphonomic histories (Behrensmeyer & Hook, 1992) .
Materials and methods
In this study we use a subset of the American Omo record (12,990 mammal specimens) collected principally by G. Eck and his survey crew working under welldefined guidelines (Bobe & Eck, 2001 ). The collecting team recovered a specified set of the available surface fossils consisting of all mammalian crania and mandibles or major fragments thereof, all mammalian jaw fragments and complete isolated teeth, all bovid horn cores or basal fragments, all mammalian astragali, and all ruminant metapodials or their distal ends. All specimens of Primates and Carnivora were collected even if very fragmentary (further details in Bobe, 1997; Bobe & Eck, 2001) . Individual animals represented by more than one fossil specimen in the collection (a total of only 229 individuals, less than 2% of the fauna) are represented by a single record each in this analysis. The specimens under consideration derive principally from Members B through G of the Shungura Formation and correlative units of the Usno Formation (Figure 1 ). The Usno sample, which derives from U-12 and correlates lithostratigraphically with Shungura Member B-2, is treated as part of lower Member B. In addition to this dataset, we also include specimens from Member A of the Shungura Formation and from the Mursi Formation. Member A exposures, although limited in extent, were intensively searched and collected by both American and French teams (Bobe & Eck, 2001) . The Mursi Formation (Butzer, 1976) , dated to about 4 Ma, provides greater time depth for a broad view of Omo faunal change.
The primary taxonomic work on this collection has been carried out by experts in each of the major groups of mammals (e.g., Beden, 1976 Beden, , 1987 Cooke, 1976; Grattard et al., 1976; Howell & Petter, 1976; Gentry, 1985; Hooijer & Churcher, 1985; Eck et al., 1987; Suwa et al., 1996) . A complete database of specimens from the Omo Shungura, Usno, and Mursi Formations (American collection), including published and unpublished specimens identified by the authors cited above, is currently maintained by G. Eck and R. Bobe. Here we focus on the three most abundant families of Omo mammals (Table 1) , Bovidae, Cercopithecidae, and Suidae, which represent about 75% of the fauna, and the Hominidae (hominins). Although hominins are rare elements of the fauna, they play a prominent role in the debate about the influence of climate change on mammalian evolution in Africa (Vrba, 1985 (Vrba, , 1988 deMenocal & Bloemendal, 1995; Kimbel, 1995; White, 1995) .
Our understanding of biological responses to climatic change in the fossil record hinges upon our ability to distinguish the effects of large-scale climatic signals from
the effects of local tectonic changes, taphonomic processes, and collection biases.
The main biological response that we analyze here is change in the relative abundances of taxonomic groups, but abundance information derived from the fossil record includes preservational and other biases that may distort or completely obscure biological signals. Taxonomic abundance data are particularly sensitive to taphonomic overprinting (Badgley, 1986) . Since the identifiability of fossil taxa depends on the skeletal elements preserved, variation through time in the proportional preservation of, for example, crania vs. isolated teeth, could bias species abundance signals (e.g., suid species are more readily identified by isolated molars than are bovid species). It is therefore critically important to establish the degree to which these biases affected the Omo vertebrate samples. We use two strategies to test the biological versus taphonomic significance of faunal patterns in the Omo sequence. First, we examine the taxonomic signal in relation to depositional environments (described above), and, second, we compare the taxonomic and taphonomic patterns derived from the same collections of fossils. We use skeletal-element representation, a well-established indicator of taphonomic overprinting (Voorhies, 1969; Note: Abundance is measured as the number of individual specimens per interval. B(L) refers to ''Lower Member B'', and consists almost entirely of Usno Unit 12, which correlates with Shungura B-2. The last row of each column gives the chord distance (CRD) between the interval represented by the column and the previous interval to the left. Chord distance is a measure of faunal dissimilarity between pairs of assemblages (for formula, see Methods).
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     1991), as a measure of variability in taphonomic processes through the Omo sequence. In the taphonomic analysis, we use skeletal parts that were collected equivalently for all mammals (crania, mandibles, maxillae, complete isolated teeth, astragali) and study the pattern of variability through time in the abundances of these skeletal parts (Table 2 ). This subset of parts represents a wide range of transportability and destructibility (Behrensmeyer, 1991) and can provide evidence of varying taphonomic processes that might have biased the faunal samples from level to level. The pattern of taphonomic variability can then be compared with the pattern of variability in taxonomic relative abundances to assess the degree of correspondence or correlation between the two.
The evaluation of relative species abundances raises the problem of closure: within a closed system, as the relative abundance of one species increases, the abundance of other species must decrease. This problem is particularly serious when only two taxa are evaluated, and there is just one degree of freedom (Grayson, 1984) . Our analysis of relative abundances includes 19 taxa at the family level (Table 1) , 24 taxa at the tribegenus level (Table 4) , and 18 taxa in the environmental trends analysis (Table 3) . Thus, the large number of degrees of freedom minimizes the problem of closure in this analysis.
To evaluate the statistical significance of changes in relative abundances (of taxa or skeletal parts) from one interval to the next, we use 95% confidence intervals in the estimates of proportions based on the formula p 1·96*[(p*q)/(n 1)] 1/2 , where p is the relative abundance (proportion) of the taxon under consideration; q is equal to 1 p, and n is the number of specimens in the assemblage (sample size) (Buzas, 1990; Hayek & Buzas, 1997) . To compare whole fossil assemblages from one interval to the next, we use chord distances (CRD), a measure of faunal dissimilarity that emphasizes relative abundances (Ludwig & Reynolds, 1988) . Chord distance between assemblage j and assemblage k is calculated by Note: Abundance is measured as the number of specimens belonging to skeletal parts collected with equal intensity for all mammals. The category ''Crania and cranial frags.'' excludes horn cores. The last row of each column gives the chord distance (CRD) between the interval represented by the column and the previous interval to the left. Chord distance is a measure of faunal dissimilarity between pairs of assemblages (for formula, see Methods).
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.  ET AL. Table 3 Abundance (number of specimens) of mammalian taxa grouped according to inferred habitat preferences habitats are provided by Reed (1998) and Bobe & Eck (2001) . Inferred habitat preferences derived from Cooke, 1976; Greenacre & Vrba, 1984; Gentry, 1985; Eck et al., 1987; Shipman & Harris, 1988; Bishop, 1999; Sponheimer et al., 1999; Harris & Cerling, 2000. 481      Table 4 where Xij represents the abundance of the ith species (or taxon) in the jth assemblage, Xik represents the abundance of the ith species (or taxon) in the kth assemblage, and S is the total number of species (or taxa) in the two assemblages. Chord distance values range from zero (for assemblages with identical taxonomic composition and abundances) to square root of 2 (for samples that have no taxa in common). We compute chord distances sequentially for pairs of adjacent intervals with the data in Table 1 (taxonomic abundances) and Table 2 (skeletal part abundances). Then we compare the pattern generated by the taxonomic data (Table 1) with that generated by the taphonomic data (Table 2) . By computing this measure of dissimilarity through the sequence we can identify intervals of significant change and intervals of relative stability through time. By comparing the taphonomic signal with the taxonomic signal, we discern the extent to which these signals are coupled, and therefore the extent to which taphonomic changes may be responsible for apparent changes in taxonomic abundances. Our discussion of isotaphonomy through the Omo sequence up to lower Member G must assume that other post-mortem processes that could bias taxonomic abundances, such as differential scavenging, variations in preservation across the various fluvial sub-environments and lithologies, and post-burial destruction are essentially equivalent for the taxa in question through the Omo surface-collected fossil record. This assumption could be tested with renewed field research, using a landscape approach to examine depositional context and the taphonomic features of in situ remains.
Although taphonomic biases in parts of the Omo sequence may be relatively consistent through time, there is little doubt that the original composition of the Omo fauna cannot be read directly from taxonomic abundances in the fossil assemblages. Biases within tooth-dominated assemblages that result from differences in the size and durability of individual taxa are largely unknown, but based on tooth size alone may somewhat overestimate the proportion of suids and underestimate the proportion of bovids and cercopithecids in comparison to the original living populations. A bias in the opposite sense may result from collection procedures followed in the Omo, which likely over-represent cercopithecids relative to their original abundances. In spite of these caveats, we assume that the Omo fossil record provides a generally reliable proxy for original abundances (see also Behrensmeyer, 1993) . The most important point for our evaluation of taxonomic abundance patterns is that both taphonomic and collection biases remain relatively constant over the interval of interest. Under comparable taphonomic and collection biases, significant changes in the relative abundance of a species through geologic time is likely to reflect factors other than taphonomy or collection methodology, i.e., real biological change.
We assess the ecological significance of changes in taxonomic abundances by first assigning particular taxa to broadly defined environmental categories (Table 3) and then examining the changes in proportions of these indicator taxa through time. These assignments are based on a combination of taxonomic analogy (e.g., Greenacre & Vrba, 1984; Shipman & Harris, 1988; Reed, 1998) , ecomorphic characteristics (e.g., Bishop, 1999) , and stable isotopes of tooth enamel (e.g., Cerling & Harris, 1999; Sponheimer et al., 1999; Harris & Cerling, 2000) . For example, the Pliocene suid Notochoerus euilus is described as a grazer (Harris & Cerling, 2001 ), but its postcranial anatomy indicates that the species lived in closed, forested environments (Bishop, 1999 ). Thus we place N. euilus in the broad category of closed woodland and forest, habitats that also provide open glades for grazing animals.
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After establishing the broad taxonomic, taphonomic, and environmental signals in the Omo sequence, we provide a finer temporal-scale analysis of these trends for the three most abundant families (Bovidae, Cercopithecidae, Suidae) and the Hominidae (Table 4) . We use specimens identified to tribe (in the case of bovids) or to genus (in the case of suids and primates). Exceptions to the last statement are the small Papionini and small Colobinae, which we retain in the analysis because they are distinct from larger primates and form exclusive taxonomic categories. We use the finest possible stratigraphic intervals, i.e., submembers or groups of submembers that provide the maximum possible chronological resolution with sample sizes of at least 90 specimens per interval. Finer levels of chronostratigraphic resolution in the Omo are attainable, but with the data presented here the samples would be too small (<90 specimens) to produce reliable results. Localities that cannot be confidently assigned to these finer time intervals (based on de Heinzelin, 1983) were removed from the analysis. In future analyses, larger samples could be obtained by incorporating other taxa and/or by combining the American and French Omo collections. As before, in the fine-scale analysis we compare taxonomic (Table 4) and taphonomic (Table 5 ) data, and assess faunal changes in terms of environmental implications with the use of habitat-indicator taxa.
Finally, we test for the significance of a pattern of stability vs. one of variability (see Figure 6 ) by developing a Monte Carlo simulation in which chord distance values are generated within the observed range using a random number generator. We test the question of how likely it is that four of the lowest six chord distance values could occur contiguously in a sequence of 18 such values (as in Figure 6 ). Major runs generated 25,000 such sequences, and the six major runs we performed represented 150,000 simulations in total. The average number of simulations that fit the pattern (of Figure 6) indicates the likelihood that the pattern observed cannot be explained by random factors alone.
Results
The major families of mammals in the Omo sequence experienced significant changes in abundance through time (Figure 2) . Bovids are the most abundant family of mammals in the total Omo sample (Table 1) , as in most East African Plio-Pleistocene fossil localities, and also are most diverse in terms of tribes (4-9 per sampling interval) and genera (6-13 per interval). However, our results suggest that bovid dominance was not a consistent feature of late Pliocene mammalian faunas. Bovid abundance [ Figure  2 (a)] was relatively low from 4·0 to 3·2 Ma (Mursi, Shungura Member A, and Usno U-12), but increased significantly thereafter, and reached very high levels between 2·5 and 2·0 Ma (in Members D, E, F, and G). Suids dominated the early part of the sequence, from about 4·0 to 3·2 Ma [ Figure  2(b) ]. This suid dominance was most pronounced in the Mursi Formation and Shungura Member A, where suid specimens comprise about 50% of all mammals, compared with less than 20% for bovids. Suids are also the most abundant family of mammals in the French collection of Shungura Member A, where they again comprise nearly 50% of the fauna (144 suid specimens in a sample of 309 mammals: Z. Alemseged, personal communication; Alemseged, 1998) . The early dominance of suids and later dominance of bovids was separated by an interval of high abundance of cercopithecids with a peak between 2·8 and 2·5 Ma, in Member C [ Figure 2 The shifts in taxonomic abundance occurred in fluvial depositional environments dominated by a large meandering river, with a few short-lived episodes of braided river deposition, prior to the appearance of a major lake at about 2·1 Ma. Analysis of skeletal-part frequencies through time shows that teeth consistently dominated the Omo fluvial fossil assemblages (Table 2, Figure 3 ). Isolated teeth constitute between 70 and 95% of the skeletal parts sample (crania, mandibles, maxillae, complete isolated teeth, astragali) throughout the sequence, with the lowest proportion (although with a large margin of error) occurring in the lacustrine deposits of upper Member G.
The taxonomic chord distances (Table 1, Figure 4) show relatively high values through most of the sequence, indicating that family-level abundances were changing at a brisk place between 4 and 2 Ma. The low chord-distance value between lower and upper Member G indicates a high degree of taxonomic similarity between the last two intervals, characterized by a high abundance of bovid taxa and low abundance of other mammals (see also Figure 2 ). In contrast, the taphonomic data (Table 2, Figure 4) show consistently low chord-distance values as a result of the high abundance of isolated teeth (see also Figure 3 ). Thus, the Omo faunal record consists of samples in which taphonomic biases are relatively constant (isotaphonomic) between 4 and 2 Ma. A simple correlation of chord distance values between the taxonomic and taphonomic data shows no significant association (n=7, Pearson's r=0·138, P=0·768), further evidence that the two signals are relatively independent of one another. Even the changes in depositional environments at 2·1 Ma appear to have had only minor effects on skeletal-element representation (lower abundance of isolated teeth and higher abundance of crania and mandibles, but without statistical significance) ( Figure  3) . We conclude that the taxonomic trends Figure 4 . Chord distance between adjacent intervals was computed for the taxonomic data (Table 1) and separately for the taphonomic data (Table 2) . Each point in the chord distance analysis represents a comparison between two temporally sequential faunal assemblages. The resulting patterns are juxtaposed and show that significant changes in the abundance of mammalian families occurred between about 4 and 2 Ma in the absence of significant changes in taphonomic conditions. 487      through the sequence are minimally affected by taphonomic biases linked to skeletal part representation.
To test for ecological change through time, we assigned broadly defined habitat preferences to a subset of Omo taxa (Table  3) . The most abundant bovid tribes in the Omo are associated with woodlands (Tragelaphini and Aepycerotini) or edaphic grasslands (Reduncini). The high abundance and persistence of these taxa through the sequence indicate environmental stability for animals associated with moderately closed and wet environments, which is consistent with the riparian woodlands and seasonally wet floodplains of an aggrading fluvial system. However, significant changes in abundance occurred in taxa associated with the open and closed end-members of the spectrum of Omo environments (Table 3, Figure 5 ). Taxa indicating closed woodlands and forested environments show a steady decline after about 3·2 Ma, while taxa indicating grassland environments increased only moderately. After 2·5 Ma, taxa associated with secondary grasslands became more abundant than those associated with forests. Overall, the patterns of taxonomic abundances in the Omo reflect a broad ecological shift consistent with increasing seasonal aridity and reduction of forested environments, albeit with only a moderate expansion of open secondary grasslands.
On a finer scale of temporal resolution, the patterns of faunal change in the Omo are more complex. In the earlier part of the sequence, the level of resolution is coarse, but between Shungura B-11 and C-4 the taxonomic-abundance data show a major shift [ Figure 6(a) ]. The radiometric date on Tuff B-10 (2·95 0·05 Ma) and estimated date on Tuff C-4 (2·74 0·08 Ma) calibrate this shift [ Figure 1(b) ], which is thus bracketed between about 2·9 and 2·7 Ma, or at 2·8 0·1 Ma. This shift was followed by a stable interval from about 2·7 to 2·5 Ma, and then marked variability beginning at 2·5 Ma [Table 4, Figure 6 period of ecological and taxonomic abundance changes between Shungura Members B and C (Bobe, 1997; Bobe & Eck, 2001 ), and with the earlier limit of Vrba's (1995) turnover pulse hypothesis. The four very low chord distance values from 2·71 to 2·50 Ma represent a period of stability over five temporal units. This interval includes four of the lowest six chord distance values in the sequence of 18 for the whole time period analyzed. The Monte Carlo simulation we developed to determine how often this would be achieved at random (see Methods) showed Figure 6 . (a) Plot of taxonomic chord distance for 19 intervals with samples greater than or equal to 90 specimens, using bovid tribes, suid and primate genera. There is a major faunal shift between 2.9 and 2.7 Ma. The four low points with similar chord distance values between about 2.7 and 2.5 Ma indicate minimal difference between submembers (i.e., faunal stability) followed by a significantly different, highly variable pattern after 2.5 Ma. The taphonomic signal is consistently less variable than the taxonomic signal. Superimposed on top of this pattern are the time ranges in the Omo of Australopithecus, Paranthropus, and Homo, and the occurrences of lithic artifacts in Members E and F. (b) Species turnover from Omo Members B through G, based on data from Behrensmeyer et al., 1997 and corrected for varying sample sizes. These data record a relatively constant turnover rate throughout the time when the basin ecology was changing and the major Omo taxa experienced widely fluctuating population abundances, as shown by the chord distance analysis.
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that approximately 6·4% of all runs fit the pattern, suggesting a low probability that the pattern observed can be explained by these random factors alone. Also, comparison of chord distances between the 2·7-2·5 Ma interval and the 2·5-2·1 Ma interval shows significantly lower mean (t-test with P<0·025) and variance (F-test with P<0·005) in the earlier than in the later interval. Thus, at the finer level of resolution, the Omo fauna shows a significant interval of faunal stability between about 2·7 and 2·5 Ma followed by greater variability after 2·5 Ma.
There is increased complexity of depositional environments after 2·5 Ma, and greater variability in the taphonomic signal in the submember analysis, but this signal shows low values (consistently <0·22) compared to the taxonomic signal [ Table 5 , Figure 6 (a)], and does not correlate significantly with the pattern of taxonomic variability (n=18, Pearson's r= 0·081, P=0·750). Thus, we conclude that the changing pattern of submember variability reflects biological reality rather than taphonomic processes or other sampling effects (as represented by the analysis of skeletal part abundances).
Based on the pattern of taxonomic change through time and the relatively stable taphonomic signal [ Figure 6 (a)], combined with the overall ecological trend through the Omo sequence (Figure 5 ), we propose that increasing variability in the Omo fauna beginning at about 2·5 Ma was driven primarily by a shift in environmental conditions. As noted earlier, the Omo fauna is dominated by taxa associated with fairly closed and moist habitats. Although secondary grassland indicators in the Omo rarely exceed 10% of the fauna at any time during the late Pliocene, their abundance between 2·5 and 2·0 Ma is significantly greater than between 3·0 to 2·5 Ma (Figure 7 ). This overall increase in grassland indicators points to climate as the significant driving force behind long-term environmental and faunal changes in the Omo record. The finer resolution of the submember analysis reveals a marked transition at about 2·5 Ma that is masked by the lower resolution, member by member analysis of ecological change (Bobe, 1997) . This transition also was not apparent in the broader pattern of species turnover through the Omo sequence [Behrensmeyer et al., 1997; Figure 6(b) ].
Discussion
Suids were most abundant in the early part of the Omo sequence between 4 and 3 Ma, while bovids were the most abundant mammals between 2·5 and 2·0 Ma. Cercopithecids, composed largely of Theropithecus, had a peak of abundance between 2·8 and 2·5 Ma (Figure 2 ). These major shifts in abundances at the family level occurred with minimal variation in depositional environments and taphonomic conditions ( Figures  3 and 4) , and we regard this as strong evidence that the taxonomic pattern reflects a biological signal. The suid-dominated ecosystem of the earlier part of the Omo sequence represents a community structure very different from the bovid-dominated faunas characteristic of most PlioPleistocene and modern East African ecosystems.
The observed changes in family-level dominance could be the result of interspecific interactions unrelated to environmental change, historical factors relating to the evolutionary trajectories of the three families, or climatic forcing. The first two alternatives cannot be tested with the available evidence, and although such hypotheses should be kept in mind, the available evidence indicates that climate forcing offers a plausible explanation for the observed pattern of change. Regional and global-scale records indicate that the late Pliocene was a time of significant environmental and climatic change. Several lines of evidence from the Omo, including paleosols (de Heinzelin et al., 1976) , paleobotanical remains (Bonnefille & Dechamps, 1983) , micromammals (Wesselman, 1984 (Wesselman, , 1995 and bovids (Bobe & Eck, 2001) indicate that closed and wet habitats prior to about 2·8 Ma gave way to increasingly open and arid environments in the later Pliocene. This evidence from the Omo is in broad agreement with results from elsewhere in Africa (Dupont & Leroy, 1995) , and with globalscale evidence of climatic change through the late Pliocene, which indicates that the relatively warm and humid interval from about 4 and 3 Ma was followed by increasing aridity after 3 Ma (Shackleton et al., 1984; Burckle, 1995; deMenocal, 1995; Denton, 1999) .
Plio-Pleistocene African suids overall appear to have been grazers (Harris & Cerling, 2001 ) living in relatively closed, often forested habitats (Bishop, 1999) . Their decrease in abundance may have been caused by the decline of densely wooded environments with abundant cover, which was driven in turn by increasing aridity after 3 Ma. The more open vegetation in the Omo toward the close of the Pliocene favored the increasing abundance of bovids, while the transitional vegetation between forest and open woodland created particularly good habitats for large cercopithecids such as Theropithecus.
Our finer-scale analysis of bovids, suids, and primates shows a peak of faunal change at about 2·8 0·1 Ma [ Figure 6(a) ]. Although the level of resolution in this part of the sequence is relatively coarse, this peak coincides in time with previously reported shifts in bovid abundances (Bobe, 1997; Bobe & Eck, 2001 ) and with the beginning of the African-wide turnover pulse proposed by Vrba (1995) . In contrast, there is little evidence for species turnover in the Omo sequence or in the Turkana Basin as a whole between 2·8 and 2·5 Ma (Behrensmeyer et al., 1997) ; [Figure 6(b) ]. The population shifts at 2·8 0·1 Ma are followed by a stable interval between 2·7 and 2·5 Ma, during which the Omo mammalian community shows little evidence of response to the global-or regional-scale climatic changes that are recorded during that time in the marine record (Shackleton et al., 1984; 491      deMenocal & Bloemendal, 1995; Kennett, 1995; Shackleton, 1995; Denton, 1999) .
After 2·5 Ma, faunal abundances indicate regular cycles of habitat change every 100 ka [Figure 6(a) ]. It is possible that these cycles were driven either by climate forcing or by processes intrinsic to the fluvial or tectonic system of the lower Omo Valley. We believe a climatic explanation is more likely and propose as a working hypothesis that the Omo ecosystem crossed a threshold at 2·5 Ma into a new regime in which the stabilizing influences of regional climate and the paleo-Omo drainage basin were no longer sufficient to dampen the effects of larger scale climatic cycles. Prior to this time, the Omo valley may have provided a regional refugium (Vrba, 1988) , characterized by relatively stable vegetation and climate, although the ecological shift toward open habitats had already begun several hundred thousand years earlier.
Eccentricity-driven cycles of 100 ka are recorded in marine dust records for the time interval between 2·8 and 1·0 Ma, but are not as strong as the 41-ka cycles for the equatorial regions (deMenocal, 1995) . Cycles of <100 ka cannot be resolved by the Omo submember abundance shifts reported here; thus we are unable to test for finerscale climatic signals. The climate-forcing hypothesis would be strengthened by the existing faunal data if there were correlations between increases in taxonomic indicators for dry vs. wet conditions and the high and low points in the observed 100-ka cycles. However, taxa responsible for the peaks and valleys in the Figure 6 (a) pattern after 2·5 Ma vary from cycle to cycle, indicating complex faunal responses to the 100-ka environmental periodicity that cannot be readily interpreted in terms of wet-dry climate alternations. Finer levels of chronostratigraphic resolution of the faunal signal could be obtained in future studies by increasing sample sizes through a combination of data from both the French and American Omo collections. Fine-scale sampling of pedogenic carbonate through the sequence could provide independent evidence for climate cycles.
The distinct patterns of ecological change, stability, and variability at different intervals in the Omo sequence provide evidence bearing on other aspects of late Pliocene faunal evolution in Africa. Several species of mammals have their earliest global appearance in the Omo during the interval around or immediately postdating the 2·8 0·1 Ma shift. These taxa include Paranthropus aethiopicus, Tragelaphus pricei, Tragelaphus gaudryi, Hippotragus gigas, Oryx, and Antilope subtorta. Most are relatively rare, and some are indicative of open and seasonally arid environments. Their appearances could be a consequence of environmental change at about 2·8 Ma (after B-10). Several taxa also exhibit significant declines in abundance at this time without becoming extinct. A notable example is Notochoerus euilus, the most common suid in Usno (U-12) and in Shungura Members A and B, but a rare though persistent species in Members C to G, after which it is regionally extinct.
The increasing pace of environmental variability and the occurrence of open environments after 2·5 Ma are coincident with the appearance of the genus Homo in the Omo sequence [ Figure 6 (a)] and elsewhere in East Africa (Kimbel et al., 1996) . The earliest specimens of Homo in the sequence occur at 2·4 Ma (Submember E-2), at about the same time as the earliest lithic artefacts (Howell et al., 1987) . The timing of the actual origination of the genus Homo remains unknown (Leakey et al., 2001) , and lithic artefacts occur as early as 2·5 Ma elsewhere in Africa (Semaw et al., 1997) . The evidence presented here indicates that greater ecological variability accompanied by increasing aridity (Figures 6 and 7 (Potts, 1996) , which relates major events in human evolution to changes in the extent and rate of environmental fluctuation rather than the increase of one habitat at the expense of another (e.g., forest giving way to savanna). The turnover pulse hypothesis of Vrba (1995) , based primarily on patterns of species appearance in the overall African fossil record, proposes that between 2·8 and 2·5 Ma global-scale shifts in climate including a transition to a 41 ka orbital cycling in the tropics provided a driving force behind the radiation of the Bovidae and the Hominidae. Our previous analysis of presence/ absence data failed to detect the predicted species-level turnover in the Turkana Basin between 2·8 and 2·5 Ma (Behrensmeyer et al., 1997) , and a recent study of African carnivore evolution also shows no evidence for turnover during this interval (Werdelin & Lewis, 2001 ). However, results reported here for the Omo sequence provide strong support for climate-driven faunal change at the level of families (increasing numerical dominance of Bovidae through time) and at the level of populations (taxonomic abundance changes indicating loss of forest habitats). Thus, while it is clear that these changes were occurring throughout the late Pliocene, we see two important events superimposed on the longer-term trends in the Omo faunal record [ Figure 6 (a)]. The first was the period of faunal change at 2·8 0·1 Ma that involved marked shifts in taxonomic abundances and previously documented appearances of relatively rare species, including the first appearance of Paranthropus aethiopicus. This event occurred at approximately the time of the transition from precessional-to obliquitydriven global climate cycles. The second event occurred after 2·5 Ma when a pattern of increasing faunal variability became established after 200 ka of stability, and this event broadly coincides with the dispersal of Homo and earliest occurrence of lithic artefacts in the lower Omo Valley. The interval around 2·5 Ma is also close to the last known occurrences of non-robust forms of Australopithecus [ Figure 6 (a): also Asfaw et al., 1999] . The evidence from the Omo thus indicates that global-scale climate change during the late Pliocene caused both gradual faunal change over million-year time spans and more abrupt transitions over <100 ka time spans between different states, defined by taxonomic abundance patterns. These complex changes preceded a period of mammal extinction and origination at about 1·8 Ma (Behrensmeyer et al., 1997; Werdelin & Lewis, 2001 ). The faunal abundance data from the Omo sequence thus provides new evidence for the paleoecological context of late Pliocene hominins in East Africa and for regional-scale changes that likely affected the evolution, cultural innovations, and early dispersal of the genus Homo.
Summary and conclusions
The Omo sequence of southern Ethiopia provides a unique paleontological database for analyzing patterns of faunal change using abundances of mammals at different levels of temporal and taxonomic resolution. Our results provide new evidence for changes between 4·0 and 2·0 Ma in the dominance of suids, cercopithecids, and bovids, and a gradual trend from more forested to more open woodland habitats. An episode of rapid faunal change at 2·8 0·1 Ma and a change in state from a 200 ka interval of faunal stability to marked variability after 2·5 Ma are superimposed on these longterm trends. Our analysis supports the 493      conclusion that climate change was directly responsible for transforming the vegetation of the Omo paleo-ecosystem. This in turn caused the gradual ecological change from forest dominance to a more open mosaic of habitats (as expressed by the changes in mammalian habitat-indicators), the faunal event at 2·8 0·1 Ma (which includes the earliest record of Paranthropus), and the abrupt shift in faunal variability at 2·5 Ma. The first appearance of Homo, the earliest artefacts in the Omo, and the extinction of non-robust Australopithecus coincide in time with the beginning of this latter period of increased faunal variability.
Patterns of shifting dominance of suids, primates, and bovids between 4·0 and 2·0 Ma, established through isotaphonomic analysis of abundance data, attest to an evolving Pliocene mammalian community characterized initially by a structure very different from the bovid-dominated faunas of modern Africa. It remains to be seen whether the pattern of suid dominance occurred only in the paleo-Omo valley or was characteristic of the mid-Pliocene throughout larger regions of Africa. However, it is clear we should not assume that a high diversity of bovid taxa is necessarily correlated with ecological dominance in terms of numbers of bovid individuals.
The ecological trend through the Omo sequence is consistent with other evidence for Pliocene climate change in Africa toward cooler, drier, and more seasonal conditions (deMenocal & Bloemendal, 1995; Dupont & Leroy, 1995; Denton, 1999) . It is important to remember, however, that grassland species remained a relatively minor component of the fauna in terms of overall abundance, and the dominant habitats on the Omo floodplain were riparian woodlands and seasonally wet grasslands. There is little doubt that the large drainage basin of the paleo-Omo River played a major role in controlling these habitats, and we have proposed above that this helped to buffer the floodplain plant and animal communities from the effects of larger-scale climate cyclicity, at least up to 2·5 Ma. Processes responsible for the marked variability of the mammal communities after 2·5 Ma remain to be explained, but if these cycles are driven by climate, then this suggests that even ecologically autonomous regions of Africa were beginning to feel the effects of global scale cyclicity by 2·5 Ma.
The Omo faunal abundance record gives a different view of the impact of climate forcing on faunal change from previous, lower-resolution analyses based on species turnover. Each of the different levels of resolution provided by the Omo fossil record contributes unique information and together they offer a multi-layered record of the history of environment-fauna interaction in the Omo. It will be important in future work on faunal change in Africa to collect evidence and pursue analyses that are designed to take advantage of such multiple levels of temporal and taxonomic resolution.
